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Pasteur (Strasbourg I), 23 rue du Loess - BP28, F-67037 Strasbourg Cedex 2, Frane
The inuene on the fusion proess of oupling to olletive degrees of freedom has been
explored. The signiant enhanement of the fusion ross setion at sub-barrier energies
was ompared to preditions of one-dimensional barrier penetration models. This was
understood in terms of the dynamial proesses arising from strong ouplings to olletive
inelasti exitations of the target and projetile. However, in the ase of reations where
at least one of the olliding nulei has a suiently low binding energy, for breakup
to beome an important proess, oniting model preditions and experimental results
have been reported in the literature. Exitation funtions for sub- and near-barrier total
(omplete + inomplete) fusion ross setions have been measured for the
6,7
Li+
59
Co
reations. Elasti sattering as well as breakup/transfer yields have also been measured
at several inident energies. Results of Continuum-Disretized Coupled-Channel (Cd)
alulations desribe reasonably well the experimental data for both reations at and
above the barrier. A systemati study of
4,6
He indued fusion reations with a three-
body Cd method is presented. The relative importane of breakup and bound-state
struture eets on total fusion (exitation funtions) is partiularly investigated. The
four-body Cd model is being urrently developed.
1. INTRODUCTION
In reations indued by weakly bound nulei, the inuene on the fusion proess of
ouplings both to olletive degrees of freedom and to breakup/transfer hannels is a
key point for the understanding of N-body systems in quantum dynamis. Due to the
very weak binding energies of halo nulei, suh as
6
He or
11
Be [1,2,3,4℄, a diuse loud
of neutrons would lead to enhane fusion probabilities below the Coulomb barrier, where
the neutron tail whih extends well beyond the ompat nulear ore provides a onduit
by whih the matter distributions of the target and projetile may overlap at longer range
than for the ore. In viinity of the Coulomb barrier and below, the enhaned fusion
with
11
Be was predited [1℄. On the other, the main enhanement eet for fusion with
6
He ompared to its
4
He ore may be due to the neutron rearrangement giving a gain in
energy [5℄ as onrmed experimentally with
206
Pb and
197
Au targets [6℄. However, reent
experimental studies involving
6
He radioative ion beams (RIB) [2,7,8,9,10,11℄ indiate
that the halo of the
6
He nuleus does not enhane the fusion probability, illustrating
the preponderant role of one- and two-neutron transfers (TR) in
6
He indued fusion
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reations. Hene, the question of a real new eet with RIB's and with stable beams
suh as weakly bound
6
Li,
7
Li and
9
Be nulei, namely the ourene of non-onventional
transfer/stripping proesses with large ross setions most likely originating from the small
binding energy of the projetile, remains open [3,4℄.
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Figure 1: Experimental elasti sattering (data
points) for
7
Li+
59
Co [19℄. The theoretial urves
orrespond to Cd alulations [20℄ with (solid
lines) or without (dashed lines) ouplings with
the ontinuum as disussed in the text.
Sine the oupling between hannels is
known to enhane the fusion ross setion
at sub-barrier energies [1,3,4℄, oupled-
hannel (CC) eets have to be taken into
aount in the theoretial desription of
the fusion proess. A large number of ex-
perimental results have been interpreted
adequately well within the framework of
CC alulations. However, in the ase of
loosely bound (and/or halo) systems the
situation is more ompliated sine the
breakup hannel ouples strongly to an in-
nite number of unbound states into the
ontinuum [1,4,12℄. A possible treatment
of the problem is to redue it to a nite
number of hannels. The traditional ap-
proah to disuss the sub-barrier fusion re-
ation indued by weakly bound nulei is
to solve the CC equations by disretizing
in energy the partile ontinuum states in
the projetile nuleus [1,12℄. This is the so-
alled method of Continuum-Disretized
Coupled-Channels (Cd) that has been
initially proposed by Rawitsher [13℄, and
later developed for light heavy-ion rea-
tions [14℄. Experimental results [15℄ have
well onrmed the alulations that fu-
sion ross setions are signiantly en-
haned due to the ouplings to the on-
tinuum states at energies below the bar-
rier, while they are hindered above [1℄.
With the reent advent of new RIB faili-
ties [3,6,7,9,10℄, it should be now possible to onstrain more the parameters of the Cd
formalism [12℄. Several studies have been initiated in this diretion [16,17,18,19,20℄ to
investigate reations indued by the neutron halo of the borromean
6
He nuleus, whih is
known to have a strong dipole exitation mode.
In the reent past a Cd alulation [18℄ failed to reprodue the large yields of α-
partiles reported in the
6
He+
209
Bi reation [7℄. In this work we propose full Cd
alulations desribing simultaneously elasti sattering (see Fig. 1), total fusion, and
breakup of weakly bound light nulei both stable (
6
Li and
7
Li) and radioative (
6
He) with
a medium-mass target (
59
Co). Preliminary brief reports have been given elsewhere [19,20℄.
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2. CONTINUUM-DISCRETIZEDCOUPLED-CHANNELCALCULATIONS
Cd, a fully quantum-mehanial method developed originally to study the eet
of deuteron breakup on the proess of elasti sattering [13℄, has been widely applied
by the Kyushu group [14℄ to study heavy-ion ollisions indued by light weakly bound
nulei. Cd alulations have been suessful in the past in desribing the sattering of
deuterons and
6,7
Li [14℄ on dierent targets. The Cd method has been then applied
to reations with halo nulei and, as a onsequene, Diaz-Torres and Thompson [12℄ have
been able to perform a full alulation of the theoretial fusion ross setion of halo
nulei using a novel method still based on the Cd formalism. A more reent study
of the
6
He+
209
Bi reation by means of a three-body Cd model [18℄ has shown muh
larger absorption ross setions than experimental fusion ross setions [7℄. In the present
work similar Cd alulations are applied for the interation of
6,7
Li and
6
He (with
the simultaneous desription of elasti sattering, fusion and breakup) with a medium-
mass target suh as
59
Co, and omparisons with the orresponding experimental data are
presented.
Details of the alulations onerning the breakup spae (number of partial waves, res-
onanes energies and widths, maximum ontinuum energy uto, potentials, ...) have
been given elsewhere [12,21℄, in partiular in Tables I, II and III of Ref. [21℄. The Cd
sheme is available in the general oupled hannels (CC) omputer ode FRESCO [22℄.
All alulations were arried out using the version FRXX.09g of FRESCO [22℄. Our
hoie was mainly inuened by the fat that we have already arried out extended Cd
alulations for both the
6
Li+
59
Co and
7
Li+
59
Co total fusion reations [21℄ whih data
were previously published [23,24,25℄. Before investigating that the proposed Cd for-
malism an be also applied to halo nulei suh as
6
He, we present the full desription of
the
6
Li→ α+d and 7Li→ α+t lusters as two-body objets, respetively, inluding elasti
sattering angular distributions, total fusion ross setions, and breakup ross setions.
We would like to stress that in the hosen fusion alulations the imaginary omponents
of the o-diagonal ouplings in the transition potentials have been negleted, while the
diagonal ouplings inlude imaginary parts [21℄. Otherwise full ontinuum ouplings have
been taken into aount so as to reprodue elasti sattering data when available. We
have used short-range imaginary fusion potentials for eah fragment separately (α and
d+target potentials and α and t+target potentials for 6Li and 7Li, respetively). This
is equivalent to the use of inoming wave boundary onditions as performed in Cfull
alulations [23℄, for instane.
2.1. Cd alulation of
7
Li+
59
Co and
6
Li+
59
Co elasti sattering
Results of the omparison of the Cd alulations for the elasti sattering with the
data [19,25℄ are shown in Fig. 1 and Fig. 2 for
7
Li+
59
Co and
6
Li+
59
Co, respetively. The
two dierent urves are the results of alulations performed with (solid lines) and without
(dashed lines)
6,7
Li → α + d, t breakup ouplings to the ontinuum (i.e. ontinuum
ouplings). The agreement is very good when full ontinuum ouplings are taken into
aount. This was also found for the elasti sattering of both
7
Li+
65
Cu and
6
Li+
65
Cu
reations [26℄. The eet of breakup on elasti sattering, stronger for
6
Li as expeted,
is illustrated by the dierene between the one-hannel alulations (equivalent to the
optial-model OM alulations [25℄) and the full Cd results. The Cd alulations
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using similar potentials that t the measured elasti sattering angular distributions [25℄
of Fig. 2 are able to reprodue the breakup ross setions measured for
6
Li+
59
Co [20,27℄.
For
6
Li the total alulated breakup ross setions, obtained by integrating ontributions
from the states in the ontinuum up to 8 MeV, are small as ompared with total fusion
Cd [21℄ or experimental [23℄ (data points in the right panel of Fig. 3) ross setions.
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Figure 2: Experimental elasti sattering (data
points) for
6
Li+
59
Co [19℄. The theoretial urves
orrespond to Cd alulations [20℄ with (solid
lines) or without (dashed lines) ouplings with
the ontinuum as disussed in the text (see
Se.2.1).
The dynami polarization potentials
(Dpp) generated by the oupling to
breakup hannels are determined by the
Cd method. The real and imaginary
parts of the Dpp are obtained at the
three bombarding energies for
6
Li+
59
Co
and
7
Li+
59
Co; their energy dependenes
appear to show the threshold anomaly only
for the latter reation. This preliminary
onlusion will need to be onrmed by
subsequent measurements at several other
near-barrier energies.
2.2. Cd alulations of
6
He+
59
Co
fusion
In the following we present similar al-
ulations applied for the two-neutron halo
nuleus
6
He. The present ase is muh
more ompliated sine
6
He breaks into
three fragments (α+n+n) instead of two
(α+d), and the Cd method has not yet
been developed for two-nuleon halo nu-
lei. Hene a di-neutron model is adopted
for the
6
He+
59
Co reation: i.e. we as-
sume a two-body luster struture of
6
He
=
4
He+
2
n with an α-partile ore oupled
to a single partile, a di-neutron (
2
n). Cou-
plings to resonant (2
+
, Eex = 0.826 MeV)
and non-resonant ontinuum states (up to
f-waves) are inluded. It is important to
notie that the fat that the di-neutron is
not an objet with both xed size and xed
energy (Heisenberg priniple) might be a
ritial point in the present model.
The maximum energy of the ontinuum states is still equal to 8 MeV. Similarly to
our previous work [21℄, the potentials between the fragments and the
59
Co target are
those obtained with the global Broglia-Winther Woods-Saxon parametrization [28℄. (the
numerial values are: Vo = -16.89 MeV, ro = 1.09 fm and a = 0.63 fm). For the α-2n
binding potential (0
+
, g.s.) we have used the following Woods-Saxon potential: Vo =
-40.796 MeV, ro = 1.896 fm and a = 0.3 fm. The g.s. binding potential of the α partile
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Figure 3. Total fusion exitation funtions for
4
He+
59
Co (data points [32℄ and solid blak line for
CC preditions on left panel) for
6
Li+
59
Co (data points [23℄ on right panel), and for
6
He+
59
Co.
The urves orrespond to Cd alulations [21℄ for
6
He+
59
Co with (dashed line) or without
(thin line) ouplings to the ontinuum as disussed in the text (see Se.2.2).
and the di-neutron provides a 2s bound state of about -0.975 MeV. The binding potential
of the 2
+
resonant state has also a Woods-Saxon form with the following parameters: Vo
= -35.137 MeV, ro = 1.896 fm, a = 0.3 fm. With this potential the energy of the 2
+
resonant state is 0.826 MeV and its width is 0.075 MeV. To obtain onverged (within a
5% level) total fusion ross setion we have inluded: (i) partial waves for α-2n relative
motion up to f-waves (l = 3), (ii) the 6He fragment-target potential multipoles up to the
otupole term, and (iii) the maximum of the ontinuum energy is 8 MeV. All resonant
and non-resonant ontinuum ouplings inluding ontinuum-ontinuum ouplings were
inluded in the alulation. Results of the Cd alulations for the fusion of
6
He+
59
Co
are ompared to the
4
He+
59
Co and
6
Li+
59
Co systems in Fig. 3 and disussed below.
3. DISCUSSION
The proposed three-body Cd model is adequate for
7
Li as well as for
11
Be, as long
as ore exitation is ignored; and, probably better than that for
6
Li. However the elasti
sattering data [25℄ as plotted in Figs. 1 and 2 are very well reprodued for both
7
Li
and
6
Li. It is interesting to note that the OM analysis [25℄ of their respetive angular
6 C. Bek
distributions was found to be ambiguous for the two lowest energies when using the
parameter-free São Paulo OM potential [29℄. The extrated total reation ross setions
[25℄ onrm the observed small enhanement (≈ fator 2) of total fusion ross setion for
the more weakly bound
6
Li nuleus at sub-barrier energies [23℄, with similar yields for both
reations at and above the Coulomb barrier in onordane with Cd alulations [21℄.
This moderate enhanement eet observed below the barrier an be explained by the
fat that both experimental [20,27℄ and theoretial breakup ross setions [20℄ are rather
small (10-50 mb).
Without available data for
6
He+
59
Co we have autiously deided not to present Cd
alulations for the elasti sattering as the Coulomb dipole exitation is known to be
too strong in the di-neutron approximation [18℄, and then diult to be predited. The
dipole Coulomb exitation of
6
He projetiles in the eld of a highly harged target has
already been disussed [16,17,18℄. The di-neutron Cd model works muh better when
the dipole oupling strengh is redued by 50 %. This redution is important for heavy
targets, but probably not as muh for a medium-mass target suh as
59
Co. Nevertheless,
suh redution is also reduing total absorption ross setion in the Cd alulations.
If we onsider this ross setion as the total fusion ross setion, we may overestimate the
fusion of
6
He+
59
Co slightly. Obviously, the searh for similar eets is of high interest for
this medium-mass region [9℄, and elasti measurements with higher preision will have to
be undertaken.
There is some onfusion about the denition of fusion [21℄. Theorists usually dene
omplete fusion (CF) as the apture of all projetile fragments, and inomplete fusion
(ICF) the apture of only some fragments [4℄. Among other CC alulations, Cd has
the disadvantage of being unable to distinguish between CF and ICF [21℄. In experiments
a similar ompliation arises from the lak of a lear separation of CF and ICF ross
setions [23℄: therefore CF is dened experimentally as the apture of all the harge of
the projetile by the target [23,30,31℄. It is believed that there is a signiant ontribution
of breakup followed by CF to the total fusion ross setions [4℄. The ombined eet of
breakup and TR in the CC (Cd) approah has not been fully studied so far in the
ontext of sub-barrier fusion.
Cd alulations using the set of parameters given for the
6
He+
59
Co reation in
the previous Setion are displayed in Fig. 3. The present alulations do not inlude
neither target exitations nor TR hannnels. However with rude estimations as those
performed for the
6
Li+
59
Co reation [21℄ the eet is found to be very small. In Fig. 3 we
ompare the total fusion exitation funtions of the two
6
He+
59
Co (Cd alulations)
and
6
Li+
59
Co (experimental data of Ref. [23℄) reations. For the
6
He reation, the inident
energy is also normalized with the Coulomb barrier VB of the bare potential. The rst
alulation (solid line) only inlude the reorientation ouplings in fusion without breakup.
All ontiunum and reorientation ouplings are inluded in fusion with breakup (dashed
urve). In agreement with heavier targets data [6℄, we an observe that both alulated
urves (with and without breakup) give muh larger total fusion ross setion for
6
He
as ompared to
6
Li. We an also observe that the inlusion of the ouplings to the
breakup hannels notably inreases the total fusion ross setion for the whole energy
range. Similar onlusions are reahed when
6
He+
59
Co (Cd alulations) is ompared
to
4
He+
59
Co (here the Cd alulations are tting the data of Ref. [32℄ remarkably well)
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in Fig. 3.
4. SUMMARY AND OUTLOOK
Halo and luster nulei, with well-dened breakup and fusion modes, are good test-
benhes for theories of fusion and breakup. A more omplete theoretial model of few-
body dynamis that is able to distinguish CF from ICF will need to follow orrelations
after breakup, so we need either three-body (and most preferably four-body [34℄) state-
of-art Cd [12,16,17,21℄ alulations of the type we have presented here as a starting
point or, for instane, the use of a time-dependent wave-paket model [33℄.
The Cd formalism, with ontinuum-ontinuum ouplings taken into aount, is most
probably one of the most aurate method nowadays. Therefore, a systemati study of
4,6
He indued fusion reations with the Cd method is being undertaken. However
up to now only very sare studies with
6
He projetiles are available [2,6,7,8,9,10℄: data
from Spiral and Louvain-la-Neuve have reently been published for
6
He+
63,65
Cu [10℄
and for
6
He+
64
Zn [9℄. The present extensive Cd alulations show that for
6
He+
59
Co
onsiderable enhanement of the sub-barrier fusion ross setions is predited as ompared
to measured fusion yields for both the
6
Li+
59
Co [23℄ and
4
He+
59
Co [32℄ systems. This
onlusion is onsistent with Dubna data for heavier targets [6℄. We should note that
ontraditory theoretial results have been obtained for
10,11
Be+
209
Bi ollisions with a
dierent approah based on the time-dependent wave-paket formalism [33℄.
The Cd method [21℄, whih is shown here to be quite suesfull for fusion with sta-
ble nulei, will be used to provide the omplete theoretial desription of all ompeting
proesses (total fusion, elasti sattering, and breakup) in a onsistent way. One really
needs to investigate suh proesses in the dynamis of the interation at the Coulomb bar-
rier with loosely bound halo nulei. The undertanding of the reation dynamis involving
ouplings to the breakup hannels requires the expliit measurement of preise elasti sat-
tering data as well as yields leading to the TR (although TR annot be desribed within
Cd) and breakup (and/or ICF) hannels. The omplexity of suh reations, whereby
many proesses ompete on an equal footing, neessitates kinematially and spetrosopi-
ally omplete measurements, i.e., ones in whih all proesses from elasti sattering to CF
are measured simultaneously, providing a tehnial hallenge in the design of broad range
detetion systems. A new experimental programme with Spiral beams and medium-mass
targets is underway at Ganil within the forthoming years [10,19,20℄.
While
6
He is best desribed as a three-body α-n-n objet, at present the Cd method
has not yet been ompletely implemented for four-body breakup [34℄, its two-body α-2n
model appears to be rather satisfatory. The appliation of four-body Cdmodels under
urrent development [34,35℄ will then be highly desirable. In the longer term, four-body
Cd models might also be required for
6
Li, due to the possible sequential breakup of
the deuteron. The questions in the theory of a halo system suh as the borromean
6
He
nuleus, its breakup (and in the breakup of many-body projetiles generally), and its CF
and ICF proesses will need the knowledge not just of those integrated ross setions, but
the phase spae distributions of the surviving fragment(s). Therefore, future very exlu-
sive experiments performed at sub-barrier energies will have to determine very preisely
the angular orrelations of the individual neutrons. Preliminary attempts of measure-
8 C. Bek
ments [8,11℄ of α-partiles in oinidene with neutrons are promising to disentangle the
eet of halo strutures on the reation mehanisms.
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